Rapid electrical conduction in the His-Purkinje system tightly controls spatiotemporal activation of the ventricles. Although recent work has shed much light on the regulation of early specification and morphogenesis of the His-Purkinje system, less is known about how transcriptional regulation establishes impulse conduction properties of the constituent cells. Here we show that Iroquois homeobox gene 3 (Irx3) is critical for efficient conduction in this specialized tissue by antithetically regulating two gap junction-forming connexins (Cxs). Loss of Irx3 resulted in disruption of the rapid coordinated spread of ventricular excitation, reduced levels of Cx40, and ectopic Cx43 expression in the proximal bundle branches. Irx3 directly represses Cx43 transcription and indirectly activates Cx40 transcription. Our results reveal a critical role for Irx3 in the precise regulation of intercellular gap junction coupling and impulse propagation in the heart. development | electrophysiology | transcription factor
Rapid electrical conduction in the His-Purkinje system tightly controls spatiotemporal activation of the ventricles. Although recent work has shed much light on the regulation of early specification and morphogenesis of the His-Purkinje system, less is known about how transcriptional regulation establishes impulse conduction properties of the constituent cells. Here we show that Iroquois homeobox gene 3 (Irx3) is critical for efficient conduction in this specialized tissue by antithetically regulating two gap junction-forming connexins (Cxs). Loss of Irx3 resulted in disruption of the rapid coordinated spread of ventricular excitation, reduced levels of Cx40, and ectopic Cx43 expression in the proximal bundle branches. Irx3 directly represses Cx43 transcription and indirectly activates Cx40 transcription. Our results reveal a critical role for Irx3 in the precise regulation of intercellular gap junction coupling and impulse propagation in the heart. development | electrophysiology | transcription factor W ith each heartbeat, electrical impulses generated by the sinoatrial node travel through the atria, pause at the atrioventricular node, and proceed to the ventricular conduction system (VCS), also known as the His-Purkinje network. Rapid impulse conduction in the VCS tightly controls the spatiotemporal mechanical activation of the ventricles, thereby optimizing pump function (1) . Conduction through the VCS is impaired in several inherited forms of cardiac conduction disorders and is associated with increased risk of arrhythmias and heart disease (2) . At the cellular level, efficient impulse propagation through this network is dependent upon the interplay between cell morphology, membrane excitability, and electrical coupling of adjacent cells via gap junctions, the latter of which is the major determinant for rapid and directional conduction (3) . Although regulation of early VCS specification and morphogenesis is becoming well understood (4) (5) (6) (7) (8) (9) , less is known about how cells of the VCS gain their specialized conduction properties as they mature.
The Iroquois homeobox (Irx) gene family of transcription factors contains a highly conserved DNA-binding homeodomain of the 3-amino acid loop extension superclass and is characterized by an 11-amino acid Iro motif. Irx genes have evolutionarily conserved roles during embryonic development (10) and can act as either repressors or activators of gene expression depending on the cellular context (11) (12) (13) . All six Irx genes are expressed in partially overlapping patterns in the developing mouse heart (12) (13) (14) (15) (16) . The functional significance of Irx3 in the heart remains unknown.
Results and Discussion
We examined the developmental expression of Irx3 in mice in which sequences encoding the tauLacZ fusion protein (17) were inserted at the translational start site to create a loss-of-function reporter allele (Irx3 tauLacZ ; Fig. S1A ). The tauLacZ reporter recapitulated endogenous Irx3 mRNA expression in the central nervous system of the developing embryo ( Fig. 1A ; ref. 14) . At embryonic day (E) 10, a ring-like group of Irx3 tauLacZ+ cells was detected in the developing ventricle. Analysis of E11 heart sections revealed that these cells represent a subset of developing trabeculae and cells surrounding the emerging interventricular septum (IVS), which are thought to contribute to the VCS (ref. 18 ; Fig. 1B ). From E14 onwards, Irx3 tauLacZ was expressed in cells of the bifurcating His bundle primordium atop the IVS, subendocardial bundle branches along the septum, and trabeculae (ref. 18; Fig. 1 C and F and Movie S1).
The adult VCS is highly asymmetric and comprises the bundle of His, subendocardial bundle branches, and Purkinje fibers (19) . Cells expressing Irx3 tauLacZ matured into a highly elaborate network during postnatal maturation, marking the common His bundle, which branched into a fan-like group of smaller bundles along the left septal flank ( Fig. 1G and Fig. S2 A and C). In contrast, only a few thin bundles branched away from the common bundle on the right side of the heart ( Fig. 1 D and G, Fig. S2B , and Movie S2). These subendocardial bundles extended further toward the apex to form a dense network of interlaced fascicles connecting the free wall and septum ( Fig. 1D ). Irx3 was expressed in the His bundle, which was ensheathed in a fibrous matrix in adult hearts ( Fig. 1E ).
At E14.5, Irx3 tauLacZ+ cells were surrounded by endocardial cells marked by platelet/endothelial cell adhesion molecule-1 (PECAM) and expressed the muscle-specific actin-binding protein tropomyosin ( Fig. S2 D and E). These subendocardial Irx3 + myocytes coexpressed established markers of the conduction sys- tem such as hyperpolarization-gated cyclic nucleotide-gated family potassium channel 4 (Hcn4),and connexin 40 (Cx40; also known as gap junction alpha-5 protein, or Gja5) ( Fig. 1 H-J and Fig. S2F ). In 8-wk-old adult mice, cells with high levels of Irx3 tauLacZ expressed Cx40 protein at longitudinal ends of the cell (Fig. 1J ). Irx3 tauLacZ+ cells, with the exception of those marking the distal VCS in the left ventricle, were predominantly derived from the Mef2CAHF::Crelabeled ventricular myocyte lineage (ref. 20; Fig. S2H ). Moreover, Irx3 tauLacZ+ VCS cells were not derived from the Wnt1-Crelabeled neural crest lineage (ref. 21; Fig. S2G ). Together, these findings demonstrate that Irx3 expression is highly enriched in the specialized myocytes of the VCS, arising from a Mef2CAHF:: Cre-expressing ventricular lineage.
We sought to determine whether cells expressing Irx3 exhibit connexin (Cx) expression patterns characteristic of VCS myocytes. Fluorescence from Irx3::EGFP BAC transgenic reporter mice ( Fig. S3 ) was used to identify Irx3-expressing myocytes isolated from the proximal VCS. In agreement with the gradual enrichment of Cx40 to VCS and down-regulation of Cx43 in these cells during development (22) , quantitation of Cx plaque expression between cell pairs showed that the majority of cells from the proximal VCS (Irx3::EGFP + ) expressed Cx40 between cells ( Fig. 1 K and L). In contrast, Cx43 plaques were mostly enriched in non-Irx3::EGFP + cells. These specific properties of Irx3-expressing cells are consistent with those of conduction myocytes of the VCS.
We then examined the phenotype of Irx3 taulacZ/tauLacZ mice to assess Irx3 function. Irx3-null mice were viable and fertile and did not manifest abnormalities in heart morphology, heart-to-body size ratio, or contractile function assessed by echocardiography (Dataset S1). However, by 2 wk of age, they exhibited ventricular activation defects when assessed by surface electrocardiography (ECG). These mice exhibited prolonged QRS and notched R waves (R'), both indicative of delays in ventricular activation ( Fig. 2 A and B and Fig. S4A ). These ECG defects were also observed in freely moving mice by telemetry ECG and in ex vivo perfused hearts ( Fig. 2B and Fig. S4C ). Right axis deviation, detected as a negative QRS deflection in lead I combined with a positive deflection in lead II, was observed in 70% of Irx3-null mice ( Fig. 2A ). These observations suggest bundle branch block or abnormal impulse conduction, perhaps in the right ventricular free wall, as underlying mechanisms of the observed abnormal ventricular activation phenotype. In the absence of abnormal heart orientation or structural changes, these data point to a conduction defect in the VCS (23), where Irx3 is normally highly expressed. Indeed, intracardiac ECG recordings revealed that, although impulse spread from the atria to the His bundle (AH interval) was unaffected by the loss of Irx3, there was an increase of the conduction time between the His bundle and ventricles (HV interval; Fig. 2 C and D and Fig. S4B ).
Optical mapping of epicardial activation confirmed abnormal activation of the ventricles ( Fig. 2E ). Indeed, in wild-type mice, activation was characterized by simultaneous "breakthrough" depolarization of both ventricles, presumably via the right and left bundle branches (24) , whereas the majority (77%) of Irx3null hearts had a single breakthrough from the left ventricular apex, along with significantly slowed conduction velocity ( Fig.  2F ). These findings establish that the abnormal ventricular activation phenotype in the Irx3-null mice is characterized by right bundle branch block (RBBB). Restriction of the defective conduction to the right bundle, despite the absence of Irx3 in the entire VCS of Irx3-null mice, can be explained by the lower safety factor for conduction in right conduction pathway (25, 26) , where constituent cells form only 1 or 2 bundles and have shorter action potential durations (19, 27) compared with the large group of bundles in the left pathway (∼20 bundles). To examine whether RBBB is caused by conduction slowing or by complete block, conduction velocity was measured in the VCS of mice expressing the Cx40 EGFP reporter. Irx3 taulacZ/taulacZ ;Cx40 EGFP/+ mice had significantly diminished conduction velocity through the conduction fibers compared with Cx40 EGFP/+ mice (Fig. 2G ). These results show that observed abnormal ventricular activation is due to conduction slowing in cells lacking Irx3.
Given that electrical coupling of adjacent cells is a major determinant for rapid and directional conduction, we examined the expression level and composition of gap junctions, which dictate cell-cell coupling efficiency and ensure orchestrated current flow (3). The specific expression pattern of Cxs comprising the VCS gap junctions is thought to ensure appropriate coupling within this tissue compartment, while ensuring functional insulation from the working myocardium (28) . We examined Cx protein expression in the heart and found that Cx40, which is normally highly expressed throughout the VCS, was reduced in hearts lacking Irx3 ( Fig. 3 A and B and Fig. S5 A and B) . Using laser capture microdissection (LCM), we found that Cx40 (Gja5) mRNA was lower in the Purkinje fibers of Irx3 tauLacZ/tauLacZ ; Cx40 EGFP/+ mice compared with Cx40 EGFP/+ littermates, revealing less than expected gene expression from the remaining Cx40 allele ( Fig. 3C and Fig. S5 C-I) .
However, lower Cx40 expression may not fully account for the ventricular activation phenotype because hearts from Cx40 EGFP/+ mice show normal activation (refs. 29-31; Fig. S4D ), despite having reduced Cx40 expression that is similar to that found in the Irx3-null mice. Consistent with this conjecture, we detected ectopic Cx43 expression in the proximal bundle branches, marked by Irx3::EGFP, where only nominal expression of Cx43 normally occurs at P5 ( Fig. 3 D and E) . At the adult stage, highresolution immunofluorescence imaging revealed ectopic Cx43 expression at cell borders between Irx3::EGFP + VCS myocytes and between non-GFP working myocytes and Irx3::EGFP + VCS myocytes in hearts lacking Irx3 (Fig. 3 F and G and Fig. S5J ). Cell pairs from reaggregated neonatal myocytes isolated from the proximal VCS were analyzed for clear Cx43 plaque expression at cell-cell borders marked by N-cadherin. In the absence of Irx3, a higher number of cell borders between VCS cells (marked by Irx3::EGFP) and non-GFP + working myocytes contained Cx43 + plaques compared with wild type ( Fig. 3 H and I) . The presence of Cx43 in the VCS may cause slowing of impulses through the formation of heterotypic Cx40-Cx43 gap junctions that cannot conduct impulses efficiently (32) or may be due to ectopic gap junctions coupling the VCS to the working myocardium, resulting in lateral spread of excitation.
To better understand how the observed changes in Cx expression could underlie conduction slowing, we used a dye-coupling assay (33) in which the spread of Alexa 594 from microinjected cells of the proximal right bundle branches was measured to examine intercellular communication. Dye spread was predominantly restricted within Irx3::EGFP + VCS cells in wild-type hearts, whereas hearts lacking Irx3 displayed significantly higher depth of dye spread from bundle branch cells to the non-GFP working myocardium ( Fig. 3 J and K) . These data, combined with our immunofluorescence results, demonstrate that ectopic Cx43 in the proximal conducting system allows abnormal communica-tion between VCS cells and the working myocardium. Presumably, Cx43 expression in the myocytes of the proximal VCS allows functional gap junctions to form with the working myocardium via Cx43-Cx43 hemichannels (34) (35) (36) . This abnormal coupling is expected to cause impulse dispersion away from the conduction axis, as well as to promote conduction block through charge dissipation from the smaller VCS source to the large ventricular sink.
To gain mechanistic insight into the molecular basis for the antithetic regulation of Cx40 and Cx43 by Irx3, we examined Cx40 (Gja5) and Cx43 (Gja1) expression in isolated neonatal ventricular myocytes (NVMs) infected with adenovirus encoding GFP, Irx3, dominant Irx3 activator (VP16-Irx3), or dominant Irx3 repressor (EnR-Irx3; Fig. 4A ). Infected NVMs overexpressed comparable levels of Irx3 mRNA and protein ( Fig. S6 A and B) . Consistent with the observed Cx40 decrease in the VCS of Irx3null mice, Cx40 protein and mRNA were increased by Irx3 overexpression in NVMs ( Fig. 4 B and C) . Interestingly, EnR-Irx3 overexpression promoted Gja5 expression, whereas VP16- Irx3 inhibited Gja5 expression. This result suggests that Irx3 likely regulates Gja5 indirectly, activating Gja5 expression by suppressing the transcription of a Gja5 repressor. In contrast, our results indicate that Irx3 directly represses Gja1 transcription. In agreement with a repressive role of Irx3 on Cx43 ex-pression in vivo, Cx43 protein and mRNA ( Fig. 4 B and C and  Fig. S6 C and D) were reduced in cells overexpressing Irx3. Furthermore, Gja1 mRNA was markedly decreased in the presence of EnR-Irx3 but increased slightly in response to VP16-Irx3. The effects of dominant repressor and activator forms of Irx3 on the Cx promoters is summarized in Fig. 4D . Given that Iroquois proteins commonly act as transcriptional repressors, our data support antithetical regulation of Cx40 and Cx43 expression by Irx3 through direct as well as indirect mechanisms.
Promoter analysis of Cxs that are expressed in the VCS (Cx40, Cx43, Cx45, and Cx30.2) revealed that the Gja1 promoter contains an evolutionarily conserved element harboring a putative Irx3 binding site (37) (38) (39) , which overlaps with an Nkx2-5 binding motif (Irx/NKE) immediately upstream of conserved T-box binding elements (Fig. 4E) . The conserved element is 198 bp in size and is located at genomic coordinates (mm9) chr10:56,096,566-56,096,763. To determine whether Irx3 binds the Gja1 promoter in vivo, we performed chromatin immunoprecipitation with ventricles isolated from the Irx3 3myc-6his knock-in mouse line, which express C-terminally tagged Irx3 protein under endogenous gene expression control ( Fig. S1 B and C) . Enrichment for Irx3 3myc-6his was detected at the Gja1 promoter region containing the Irx/NKE element and the core Gja1 promoter, but not at an intergenic region or at the Nppa promoter ( Fig. 4F) . Moreover, coimmunoprecipitation shows that Irx3 can form a protein complex with Nkx2-5 ( Fig. 4G ). We then examined whether Irx3 and Nkx2-5 could regulate Gja1 transcription in vitro and found that Irx3 indeed antagonizes Nkx2-5-dependent activation of a Gja1-luciferase reporter containing 1.68 kb of the endogenous promoter sequence (40) in transfected COS7 cells (Fig. 4H ). Furthermore, three point mutations, made to alter predicted core binding sequences recognized by Irx3, diminished the ability of Irx3 to exert repression of Gja1-luciferase in the presence of increasing amounts of Nkx2-5. In the proximal VCS, where these transcription factors at expressed at high levels, Irx3 could therefore repress Nkx2-5-mediated activation of Gja1 transcription. Furthermore, direct binding of Irx3 to the Gja1 promoter may lead to transcriptional repression through its interactions with Nkx2-5 or Tbx5 and/or through recruitment of corepressors through a mechanism similar to that of Irx5 (13) .
In this study, we demonstrate that Irx3 is a unique transcriptional regulator of rapid electrical conduction that is necessary to drive ventricular activation. To address whether Irx3 function is evolutionarily conserved, we examined its role in zebrafish, where the ziro3a ortholog is expressed in the heart at 48 h after fertilization ( Fig. S7 A and B) . Optical mapping was performed in live zebrafish expressing the in vivo calcium transient reporter Tg(cmlc2: gCaMP) s878 (41) . Similar to our observations in mice, inhibition of ziro3a by morpholino antisense oligonucleotides caused slowed and abnormal impulse conduction in the ventricle (Fig. S7C ).
Concluding Remarks
The Irx gene family of transcription factors has evolutionarily conserved roles during embryonic development (10) and is expressed in the developing mouse heart. We have shown that Irx5 represses transcription of the voltage-gated potassium channel gene Kv4.2 to establish an epicardial-to-endocardial repolarization gradient (12) (13) (14) (15) (16) . Our present study identifies a previously undescribed role for an additional Iroquois factor, Irx3, in the tight regulation of gap junction gene expression in specialized His-Purkinje system cells, where its expression is highly enriched. Irx3 regulation of Cx expression is likely to be relevant to the electrical maturation of other excitable cell types, such as those of the central nervous system enriched in Irx3 expression (14, 42) .
Our studies reveal an important role of Irx3 in the precise transcriptional control of intercellular coupling and synchronized ventricular depolarization. Interestingly, the electrical phenotypes in mice lacking Irx3 are commonly associated with inherited increased risk of arrhythmias and heart failure (2) . Furthermore, it has been shown that defects in cardiac impulse conduction can directly lead to aberrant cardiac remodeling and reduced cardiac function (43) . Thus, it may be informative to determine whether deleterious mutations reside in the human IRX3 gene.
Materials and Methods
Details of materials and methods are provided in SI Materials and Methods. All animal work was conducted according to the regulations provided by the Animal Care and Use Committees. β-Galactosidase and Masson's trichrome staining of fixed embryos and tissue (4% paraformaldehyde) was carried out by using standard methods. Optical projection tomography (OPT) imaging of hearts was performed as described (44) . Fluorescence in situ hybridization in zebrafish was performed as described (41) . For immunofluorescence detection, four-chambered view serial cryosections (8 μm) were stained with various antisera as described in SI Materials and Methods. Transthoracic echocardiography was used for noninvasive serial assessment of cardiac function in mice as described (13, 45) . Surface ECG (leads I and II) was obtained at P12 and at 8-10 wk as described (13) . For Cx protein imaging, the Scan Large Image function of NIS Elements was used to stitch high-resolution (60×/1.49 Apo TIRF objective) widefield epifluorescence images encompassing the entire septum. Differences between groups were examined for statistical significance by using the Student t test. P < 0.05 was regarded as significant.
